Silicon microactuators capable of very long travel are described. The design is based on a laterally resonant cantilever, driven by an electrothermal shape bimorph located at the root. Performance characteristics are given for deep structures fabricated in bonded silicon-on-insulator material. Peak-to-peak displacements of more than 500 µm are obtained with cantilevers of 14 mm length, 30 µm width and 100 µm depth using a 20 V drive, when the resonant frequency of the cantilever is matched to the frequency response of the electrothermal transducer. Experimental data are compared with a simple model, and variables affecting the quality factor are discussed. The actuators are shown to be suitable for use in optical scanning systems based on moving waveguides.
Introduction
Considerable interest has recently been shown in integrated optic devices based on movable waveguides. The movable parts consist of elastic cantilevers that carry channel guides over etched pits, and have been demonstrated in siliconon-insulator [1] [2] [3] and silica-on-silicon [4] [5] [6] configurations. Since the waveguide can be moved by elastic deflection of the cantilever (using an integrated actuator, or an inertial load), there are applications in switching [2, 4] , sensing [3, 5] and beam scanning [6] .
A bar-code reader may be constructed by using a lens to form a real image of the light emitted from a vibrating guide and detecting the back-scattered light. Implementations based on optical fibre have been patented [7, 8] , and prototypes using piezoelectrically actuated fibre have been demonstrated [9, 10] . However, it is difficult to combine a long scan with a large range in an integrated optic version.
Figure 1(a) shows the method of scanning in a piezoelectric fibre device [9] . Since the distance L I moved by the image is L I = L O × M (where L O is the distance moved by the object and M is the lens magnification), the scan length is optimized by maximizing L O and M. Figure 1(b) shows signal collection in a confocal system. Here, the numerical aperture NA S of the measurable scattered power is related to the numerical aperture NA C of the collector optics by NA S = NA C /M. Since the collected power is proportional to NA 2 S , the signal is optimized by maximizing NA C and minimizing M.
The requirements on magnification for detection and scanning are therefore in conflict. In [9] , a detectable signal was obtained by using a large fibre motion (L O ≈ 1 mm), which allowed the magnification to be restricted to M ≈ 100 for a scan length of L I ≈ 10 cm. Unfortunately, the travel range of most microactuators is considerably smaller (≈10 µm in moving-waveguide devices [1] [2] [3] [4] [5] [6] ). The solution is to develop long-throw actuators.
Microactuators have been constructed with out-of-plane and in-plane motion, and actuation by thermal, electrostatic, piezoelectric and magnetic drives [11] . Thermal actuation does not require sophisticated materials, and is more compact than an electrostatic drive. Out-of-plane actuators were originally developed as bimorphs, based on media with differing thermal properties [12] [13] [14] [15] . Their dynamics are well understood [16, 17] . However, long travel can only be obtained by removing the substrate.
Thermal actuators with in-plane motion can have a larger travel. Bimorph action may be obtained from a single layer of material, by using local variations in cross section to obtain differences in thermal expansion. Shape bimorphs have been demonstrated by polysilicon micromachining [18] [19] [20] [21] [22] [23] . However, more robust devices can be formed in bonded silicon-on-insulator (BSOI) [24, 25] , using an inductively coupled plasma (ICP) etcher and the cyclic etch process originated by Bosch and developed by others [26] [27] [28] .
In this paper, we show that long travel may be achieved in resonant cantilever actuators, which are driven at their root by an electrothermal shape bimorph. The design is a combination of the 'base drive' of Bouwstra et al [15] and the transducer of Reid et al [18, 19] . The former used a material bimorph to drive an out-of-plane resonant cantilever, while the latter contained an in-plane polysilicon shape bimorph, but lacked a resonator.
Robust devices are demonstrated by DRIE of 100 µm thick BSOI. Because of the greatly increased depth, the power required to obtain a given dc displacement of the transducer is considerably in excess of that needed to obtain the same displacement in a device fabricated by surface micromachining in a few micrometres of polysilicon. However, this drawback is more than compensated for by the enhanced tip displacement obtained when the transducer is coupled to a high-Q cantilever resonator. We show that efficient operation may be obtained when the cantilever resonance lies inside the transducer bandwidth, giving a travel of more than 500 µm at resonance at low power. This range exceeds the norm, making the devices suitable for integrated bar-code readers. A simple dynamical model is developed to predict performance, and good agreement is obtained with the experimental data. Figure 2 shows the layout of the actuators. A suspended cantilever of length L and width W is driven at its base by a shape bimorph supported from the substrate by two anchors. The bimorph is similar to devices previously demonstrated by Reid in polysilicon [18] [19] [20] ; it consists of two arms: a hot arm of length L , and a cold arm whose width is increased to W over a distance L . Similar ratios of L /L and W /W were used, but the length L was increased fourfold and the depth 50-fold. The device is driven by passing a current between the anchors. Electrical heating induces local thermal expansion. However, the average temperature rise in the hot arm is greater, because of its reduced cross section. Its increased expansion deflects the structure laterally, with the narrow section of the cold arm acting as an elastic hinge. The same design of transducer was used for all device variants. This had dimensions L = 1000 µm, L = 800 µm and W = 120 µm. However, a range of different cantilever dimensions was investigated. Two widths W were used, 20 µm and 30 µm, and L was varied from 4 mm to 14 mm in steps of 2.5 mm. For the longest device, the suspended structure is 15 mm long, extreme by most standards of microengineering.
Actuator design and fabrication
The devices were fabricated from bonded silicon-oninsulator material obtained from BCO Technologies (now ADI Belfast). The substrates had bonded layers of thickness H = 100 µm on oxide interlayers of thickness G = 2 µm. The wafers were primed with HMDS, spin-coated with 3.0 µm of Shipley S1400-37 photoresist, patterned, developed and hard baked. The bonded layer was then etched using an ICP etcher, and the resist mask was stripped. The oxide interlayer was removed using buffered HF, and the structures were freeze dried and metallized with 100Å of Cr and 300Å of Au. Figure 3 shows SEM views of the completed devices, which illustrate their high-aspect ratio and excellent side-wall verticality. The cantilevers were extremely robust, and could be deflected manually through several millimetres without damage. Their electrical impedance was almost exactly 100 .
Experimental measurements
Devices were evaluated by measuring the lateral deflection induced by a sinusoidal voltage obtained from a 50 signal generator, using an optical microscope equipped with a calibrated on-screen measurement system. This equipment allowed displacement to be measured over the range ≈2 µm to 1 mm. Extremely long travel was generally obtained without stiction effects, despite the very limited clearance (2 µm) between the moving structure and the substrate.
The electrothermal transducer is a power-driven system [17] . Application of a sinusoidal voltage therefore will result in a combination of a dc mechanical displacement and an ac displacement at twice the drive frequency. The data points in figure 4 show the experimental variation of peak-to-peak tip deflection with electrical drive frequency, obtained with a 20 V p-p drive, for a cantilever of length L = 4 mm and width W = 30 µm. At low frequencies, the deflection is independent of drive frequency, until a roll-off occurs at ≈50 Hz. This behaviour is characteristic of an electrothermal drive, which acts as a first-order system [17] . At 1.14 kHz frequency, there is a sharp peak in deflection, corresponding to the first cantilever bending mode resonance. A second resonance can be seen at 6.52 kHz. Both resonances have narrow bandwidths, and large displacements are obtained at the resonant frequency, despite the steady roll-off in transducer response.
At low frequency, the deflection of the cantilever tip is approximately 14 µm. The corresponding deflection of the transducer itself at the point A in figure 2 was approximately 3 µm, which is considerably lower. This deflection is rather smaller than for similar polysilicon structures, which typically have displacements of ≈20 µm [20] ; however, the cantilever tip deflection is much larger, especially at resonance. For longer cantilevers, the low-frequency deflection was found to increase linearly with L, reaching a maximum of over 50 µm for L = 14 mm. This result suggests that the majority of the cantilever tip deflection is actually caused by an angular displacement at its root, rather than the linear displacement normally exploited in an electrothermal shape bimorph (see e.g. [18] [19] [20] [21] [22] [23] ).
Although figure 4 shows a maximum displacement of ≈100 µm at the first-order resonance, this clearly occurs outside the bandwidth of the transducer, suggesting that larger displacements would be obtained if the resonant frequency could be lowered. A reduction in resonant frequency may be obtained simply by an increase in the cantilever length. The data points in figure 5 represent the experimental variation of the first and second lateral bending mode resonant frequencies with length, for 30 µm wide cantilevers. A resonant frequency of 100 Hz (low enough for effective transducer operation) is obtained for the first mode when L = 14 mm.
The expanded frequency variation in figure 6 shows the peak-to-peak tip deflection obtained with a 20 V p-p drive for 30 µm wide cantilevers of different lengths. Again, the data points give the experimental results. The second- order resonances have been omitted for clarity. The resonant frequency reduces with length, and much larger displacements are indeed obtained as the resonant frequency starts to overlap the transducer bandwidth. Figure 7 shows the variation of peak-to-peak tip displacement with average drive power, for each of the actuators in figure 6 , when operating at their respective resonant frequency. In each case, the variation of displacement is highly linear, and there is a steady rise in the achievable displacement as L increases. The device with L = 6.5 mm shows a slightly reduced response, which was ascribed to a fabrication flaw near the tip. For the device with L = 14 µm, a maximum displacement of 550 µm was achieved with an average power of 220 mW. Figure 8 shows a dark-field optical microscope view of the cantilever tip under these conditions. The displacement is extremely large by comparison with that obtained from most conventional microactuators.
The data points in figure 9 show the variation of quality factor (or Q-factor) with frequency for the lowest two resonances. The Q-factor of the nth mode is defined as Q n = ω n /2 ω n , where ω n is the angular resonant frequency and 2 ω n is the corresponding bandwidth over which the amplitude falls to 1/ √ 2 of its peak value. In each case, the Qfactor decreases with the length of the cantilever. Reasonable values of Q are obtained. For the lowest mode, Q 1 decreases from ≈130 at L = 4 mm to ≈16.75 at L = 14 mm. For the second mode, Q 2 is higher, because this mode has a stationary node and is therefore less affected by damping. Since the variations are quasi-linear in the log-log plot used here, we may expect a power-law dependence of Q-factor on cantilever length. Best fits to the data give
, where k 1,2 are constants.
The behaviour of narrower cantilevers is qualitatively similar. Figure 9 also shows the variation of the Q-factor of the lowest mode for cantilevers with W = 20 µm. These data lie on a parallel locus to the data for W = 30 µm. However, the locus is displaced so that the Q-factors are generally lower by a constant ratio. This is to be expected; the Q-factor represents the ratio between the energy stored and energy dissipated per cycle, and a small reduction in the width of a deep cantilever simply lowers the beam stiffness and mass, without a proportional reduction in viscous drag. The constant ratio is approximately two, close to the square of the ratio of the two beam widths.
Dynamical model
We now consider a simple model capable of explaining the results of the previous section and predicting other performance characteristics. The mechanical dynamics of the transducer itself are neglected, since this is relatively short and stiff, and we concentrate instead on the dynamics of the cantilever itself. Vibrating micro-beams are well understood [29] , and described by the standard Euler-type equation [30] :
Here x is the axial coordinate, y is the transverse displacement, A = H W and I = H W 3 /3 are, respectively, the crosssectional area and second moment of the beam, and E and ρ are the Young's modulus and density of the beam material, respectively. The constant γ represents damping per unit length, due to a combination of conventional and squeeze-film damping [31] .
For harmonic excitation, equation (1) 
is solved by assuming the product solution y(x, t) = Y (x)T (t), where T (t) = exp( jωt)
and ω is the mechanical angular frequency, to get [30] 
In the subsequent analysis, the results may be written instead in terms of the electrical angular frequency by halving ω. If equation (2) is now written in the alternative form
where β 4 = {ω 2 ρA − jωγ }/EI , the general solution can be seen to be
where A, B, C and D are constants. In the case of a cantilever of length L, driven at its root, the boundary conditions are
where Y 0 and Y 0 are the displacement and slope at the cantilever root, respectively. Substituting into equation (4), we obtain the following four simultaneous equations:
When the beam is undriven, so that Y 0 = Y 0 = 0, and there is no damping, β is real and equations (6) reduce to the standard eigenvalue equation [30] :
cosh(βL) cos(βL) + 1 = 0.
Equation (7) is satisfied by values of βL that correspond to each resonance, namely β 1 L = 1.875, β 2 L = 4.695 and so on. These results lead to the following angular resonances:
where the constants α n are α 1 = 1.875 2 = 3.516, α 2 = 4.695 2 = 22.04, etc. The full lines in figure 5 show a comparison between the measured data and the predictions of equation (8) . Values of 1.08 × 10 11 N m −2 and 2330 kg m −3 have been assumed for E and ρ, respectively, and W has been adjusted for best fit. Good agreement was obtained for W = 34 µm, which suggests that a lateral dimension change has occurred, probably due to the small finite slope in the side walls that arises during deep etching. An alternative explanation is provided by the small ripple in the side-wall dimension, which can be seen in figure 3 .
When the beam is driven, and the damping is non-zero, β is complex. Equations (7) 
where 0 is the low-frequency angular deflection and ω 0 is the (mechanical) break point. This algorithm was implemented, and matched to the data using a single set of common parameters, namely 0 = 2 mrad, W = 34 µm, γ = 0.7 × 10 −3 N s m −2 and ω 0 = 2π × 100 rad s −1 . The full lines in figures 4 and 6 show the frequency responses predicted in this way. The general agreement with the data is remarkable. The first-and secondorder resonances are accurately located, and the values of both the dc and the resonant ac deflections are correctly predicted. Excellent agreement could also be obtained with resonant frequency and frequency response data for cantilevers with a nominal width of 20 µm, merely by altering the value of W to ≈24 µm, without changing other parameters. The model therefore appears generally valid, despite its crudity.
Further analysis of equations (1)- (8) is not often given in textbooks. For example, it is generally too complicated to obtain a general prediction for the Q-factor, because the damping force is distributed along the length of the beam. As a result, the shape of the vibrating beam must become distorted as the damping coefficient rises. For example, figure 10 shows the shape of the resonant mode of the 14 mm cantilever for three values of γ . This example was chosen because it has the lowest Q-factor of the devices considered here. The values of γ are 0.7 × 10 −3 (the experimental situation), 7 × 10 −3 and 14 × 10 −3 N s m −2 . The results are plotted as a variation of Y (x)/Y L with x/L, to emphasize shape rather than absolute amplitude. As γ rises, the tip displacement is clearly retarded by an increasing amount with respect to the root, due to viscous drag.
For the smallest value of γ , however, the mode shape is exactly as found when γ → 0. Under these circumstances, the main effect of viscous drag is therefore to alter the amplitude of the vibration rather than the shape of the mode. A simple approximation may then be used to find Q. We first assume operation is close to a resonance, so we can write ω = ω n + ω n , where ω n is small. The constant β in equation (3) may then be written as β = β n + β n , where β 4 n = ω 2 n ρA/EI and β n is small compared with β n . To first order, the real and imaginary parts of β n are β nr = β n ω n /2ω n and
Equation (10) itself shows that β ni will indeed be relatively small if γ /4ω n ρA 1, or
For the 14 mm cantilever, we obtain γ 38 × 10 −3 N s m −2 . This range corresponds well with our earlier more qualitative discussion of the results in figure 10 .
We then assume that the effect of a non-zero value of ω n will also mainly be to alter the overall amplitude of vibration, rather than its variation with position. A change in the amplitude may therefore be estimated by considering the change in just one of the coefficients A, . . . , D, since the other coefficients will scale in a similar way. From equation (6) , the coefficient A (for example) may be found as
− cos(βL) sinh(βL)}/{cosh(βL) cos(βL) + 1}.
From equation (7), the denominator in equation (12) will be zero (and A infinite) when β n = 0. When β n = 0, a firstorder approximation yields the simple Lorentzian function: Figure 11 compares the prediction of equation (13) with the full solution for the frequency response of the lowest mode of the 14 mm cantilever. In each case, the finite bandwidth of the electrothermal transducer has been ignored, and the amplitudes have been normalized to their peak value. Equation (13) clearly gives an excellent approximation to the overall shape and bandwidth of the resonance. At resonance, β nr = 0, and A is limited to a finite maximum by the value of the term β ni . The value of β nr required to reduce A to 1/ √ 2 of this maximum is merely β nr = β nr . This relation allows a simple estimate for the bandwidth to be obtained, in the form 2 ω n = γ /ρA. The bandwidth is therefore independent of the cantilever length and mode number. The quality factor Q n = ω n /2 ω n of the nth mode may be estimated as (13) (points) for the frequency response of the lowest mode of a 14 mm cantilever. Equation (14) shows that there is a fixed ratio between the Q-factors of the first-and second-order modes of a given cantilever, namely Q 2 /Q 1 = α 2 /α 1 = 6.27. It also implies that a wider cantilever will generally have a higher Q-factor than a narrower one, if a larger width can be obtained without an excessive increase in the damping coefficient. Figure 9 shows the predictions of equation (14), superimposed on the experimental data. Since the model variations are of the form Q 1,2 = k 1,2 /L 2 , where k 1,2 are constants, they also yield straight-line variations on a log-log plot. However, the theoretical lines clearly have a higher slope than the measured data. This result suggests an experimental damping coefficient that reduces with length, rather than the constant value assumed here. One explanation is that the contact metal (which has a slight tensile stress) causes the beams to bend away from the substrate, reducing squeeze-film damping in longer devices. Figure 12 shows the variation of the dc sensitivity (defined as the peak-to-peak low-frequency displacement per unit electrical power) with the cantilever length, together with the ac sensitivity (the corresponding value at the appropriate resonant frequency). The dc sensitivity depends linearly on length, as would be expected from an angular drive. The ac sensitivity should also be proportional to length, but is affected by two additional factors: the increase in effectiveness of the transducer as the resonant frequency is lowered, and the corresponding reduction in Q-factor. We now consider these factors.
Above the break point of the electrothermal transducer, we may approximate equation (9) as Y 0 ≈ 0 ω 0 /ω. From equation (8), we can write the resonant frequency of the lowest mode as
where k 1 is a constant. Combining these results, we may obtain the angular deflection at resonance in terms of the cantilever length as
Since the theoretical variation of the Q-factor is Q 1 = k 1 /L 2 , we might expect the length dependence of the two additional factors to cancel, leaving the net ac sensitivity again proportional to length. However, as we have seen, the experimental variation of the Q-factor is closer to Q 1 ≈ k 1 /L 1.5 . As a result, the net ac sensitivity is more accurately proportional to L Figure 12 shows a best fit to this power-law variation; there is good agreement with the data. The ac sensitivity cannot continue to rise with the cantilever length, however. For very long cantilevers, the resonant frequency must lie below the break point of the transducer. Under these conditions, the angular deflection at the cantilever resonance will remain approximately constant, and the ac deflection will suffer from the reduction in Q-factor caused by increasing length. A cantilever length of 14 mm is therefore close to the optimum for this particular transducer.
Discussion
We have shown that in-plane microactuators capable of extremely long travel can be constructed from a laterally resonant cantilever, driven at the root by an electrothermal shape bimorph.
Experimental results have been given for robust devices fabricated in bonded silicon-on-insulator material by deep reactive ion etching. Although the transducer has a first-order response, and its effectiveness falls off at high frequencies, large deflections may still be obtained if the resonant frequency of the cantilever is lowered so that it lies within the bandwidth of the transducer.
The measured performance characteristics agree well with the predictions of a model based on the Euler equation. The Q-factor has been shown to scale in a simple way with the cantilever length and width. Large ac sensitivities are obtained from a long, wide cantilever, so that a high Q-factor is obtained at low frequencies.
Further improvements may be obtained by improving the thermal efficiency and extending the bandwidth of the transducer itself. In fact, the actuators demonstrated here already have sufficiently large deflections to provide the basis for a moving waveguide bar code scanner, making them suitable for this application. Further work is therefore now under way to combine silica-based guides with bonded silicon-on-insulator cantilever drive mechanism to construct a prototype scanner. Suitable waveguides have been developed, and a 4-mask process defined; the main difficulty is to protect the guides during sacrificial etching [32] .
